Purpose: To describe some features of contrast adaptation as induced by imposed positive or negative defocus. To study its time course and selectivity for the sign of the imposed defocus. Methods: Contrast adaptation, CA (here referred to as any change in supra-threshold contrast sensitivity) was induced by presenting a movie to the subjects on a computer screen at 1 m distance for 10 min, while the right eye was defocused by a trial lens (+4D (n = 25); À4D (n = 10); À2D (n = 11 subjects). The PowerRefractor was used to track accommodation binocularly. Contrast sensitivity at threshold was measured by a method of adjustment with a Gabor patch of 1 deg angular subtense, filled with 3.22 cyc/ deg sine wave grating presented on a computer screen at 1 m distance on gray background (33 cd/m 2 ). Supra-threshold contrast sensitivity was quantified by an interocular contrast matching task, in which the subject had to match the contrast of the sine wave grating seen with the right eye with the contrast of a grating with fixed contrast of 0.1. Results: (1) Contrast sensitivity thresholds were not lowered by previous viewing of defocused movies. (2) By wearing positive lenses, the supra-threshold contrast sensitivity in the right eye was raised by about 30% and remained elevated for at least 2 min until baseline was reached after about 5 min. (3) CA was induced only by positive, but not by negative lenses, even after the distance of the computer screen was taken into account (1 m, equivalent to +1D). In five subjects, binocular accommodation was tracked over the full adaptation period. Accommodation appeared to focus the eye not wearing a lens, but short transient switches in focus to the lens wearing eye could not be entirely excluded. Conclusions: Transient contrast adaptation was found at 3.22 cyc/deg when positive lenses were worn but not with negative lenses. This asymmetry is intriguing. While it may represent an epiphenomenon of physiological optics, further experiments are necessary to determine whether it could also trace back to differences in CA with defocus of different sign.
Introduction
Studies in animal models have shown that axial eye growth is continuously fine-tuned to achieve the best match of the average position of the focal plane and the retinal plane. If the focal plane is in front of the photoreceptor layer, axial eye growth is reduced, and if it is behind, axial eye growth is enhanced. Apparently, a closed-loop feedback system optimizes refractive state over time (Schaeffel, Glasser, & Howland, 1998; Wallman & Winawer, 2004) . Considering possible candidates for a retinal error signal to drive this feedback loop, it has to be taken into account that viewing distances are not stationary but rather shift continuously, depending on target distance and accommodation level (Flitcroft, 2006) . Therefore, to derive a focus error signal for the control of eye growth, a mechanism is necessary for temporal averaging of defocus. In chickens, it was found that the mechanism can detect the sign of defocus even if the retinal image is constantly and severely defocused (+12 or À12D; Schaeffel & Diether, 1999) . Except for during reading and near work, humans rarely fixate objects longer than a few seconds. The temporal integration constant of such a signal should therefore be in the range of seconds to minutes (Winawer & Wallman, 2002) and was recently determined to be in the range of 3 min in the chicken model of myopia (Zhu & Wallman, 2008) . Zhu, Park, Winawer, and Wallman (2005) had previously found that exposure to defocus must last at least 2 min to induce changes in eye growth. A complicating factor is that different amounts of defocus are imposed in the retinal periphery and in the fovea (Flitcroft, 2006) -the error signal must be generated locally in the retina.
Previous studies on the effects of contrast adaptation on visual acuity
Changes in contrast sensitivity can also explain the observation that visual acuity increases when defocus persists over extended periods of time. Mon-Williams, Tresilian, Strang, Kochhar, and Wann (1998) have shown that emmetropic subjects show initially reduced visual acuity when they wear +1D spectacle lenses that render them slightly myopic, but that their visual acuity improves over time despite persisting defocus. Also Pesudovs and Brennan (1993) found a small but significant improvement in distance visual acuity during a 90 min period of defocus in low myopes. Similarly, George and Rosenfield (2004) observed a significant increase in Landolt C and grating acuity during periods of imposed defocus, in both myopes and emmetropes. Rosenfield, Hong, and George (2004) showed that the refractive errors of their subjects did not change during a 3-h period of sustained blur, but that there was a significant improvement in letter and grating acuity which could not be explained by optics. Finally, Wang, Mankowska, and Mallen (2006) studied three types of blur thresholds (noticeable, bothersome, and non-resolvable) with foveal and peripheral blur adaptation, using an isolated 20/50 Snellen E and three lines of a 20/50 letter-size text. Adult myopes developed decreased blur thresholds over time.
Possible role of contrast adaptation in emmetropization
A possible retinal process that could provide a measure of image defocus is the level of contrast adaptation (Heinrich & Bach, 2002) . Contrast adaptation is a mechanism that enhances or decreases contrast sensitivity, depending on the input contrast from the visual scene: if contrast is high, sensitivity is reduced and if it is low, sensitivity is enhanced. Furthermore, the adaptation process is selective for spatial frequencies, as shown by Blakemore and Campbell (1969) . Contrast adaptation has a fast and a slow component (Baccus & Meister, 2002) in the range of minutes as shown by Greenlee, Georgeson, and Magnussen (1991) . Greenlee et al. (1991) described the effects of adapting time, adapting contrast and retinal eccentricity on contrast detection threshold elevations in humans, and found that its time course can be described by power functions over time.
It has also been shown in the chicken that supra-threshold contrast sensitivity varies depending on the history of retinal image contrast. If chicks were exposed to low contrast images by either diffusers in front of the eye or by defocus imposed by spectacle lenses, their contrast sensitivity was enhanced (Diether, Gekeler, & Schaeffel, 2001) .
For a time-average of defocus, the level of supra-threshold contrast sensitivity at different spatial frequencies would be a suitable measure of defocus experienced over time, due to its long time constant. Therefore, if it occurred already in the retina, it would be useful to guide emmetropization (Diether et al., 2001 ).
Is contrast adaptation different for the different signs of defocus?
Based on optics, in eyes with little higher order aberrations, no difference should be expected between both signs of defocus as long as the absolute amounts are matched and image magnification is not severely changed. In line with this expectation, Campbell and Green (1965) observed that contrast sensitivity decreased symmetrically with increasing defocus of both signs. However, more recently, Radhakrishnan, Pardhan, Calver, and O'Leary (2004a) found an asymmetrical reduction of contrast sensitivity, although this effect was confined to the myopic subjects. Contrast sensitivity dropped more when positive lenses were worn than with similarly powered negative lenses, over a range of intermediate spatial frequencies (1-8 cyc/deg). Unequal reduction in contrast sensitivity with positive and negative defocus was recently also found by Guo, Atchison, and Birt (2008) in one myopic subject. At a spatial frequency of 2.5 cyc/deg and without correction of monochromatic aberrations, the contrast sensitivity was three times higher with 2D negative defocus compared to 2D positive defocus. However, after the monochromatic aberrations were corrected, contrast sensitivity became similar with both signs of defocus. Furthermore, Radhakrishnan, Pardhan, Calver, and O'Leary (2004b) measured visual acuity with defocusing lenses and found that myopes experienced a larger drop in visual acuity with positive than with negative lenses. Such asymmetries are most interesting with regard to the mechanisms of emmetropization since they may relate to the (yet unresolved) question as to how the retina can distinguish positive from negative defocus (Wallman & Winawer, 2004) . At least in the chicken, there is experimental evidence that the retina can distinguish the sign of imposed defocus since some retinal neurons display different patterns of gene and protein expression with the same absolute amounts of defocus of different sign (Bitzer & Schaeffel, 2002; Fischer, McGuire, Schaeffel, & Stell, 1999) .
Rather than studying how defocus affects visual acuity, the current study investigated how defocus affects supra-threshold contrast sensitivity. Three experiments were performed: experiment 1 to find out whether exposure to defocused images can lower the contrast detection threshold, experiment 2 to determine how long changes in supra-threshold contrast sensitivity persist, following a 10 min adaptation period to defocused movies, and experiment 3 to find out how defocus of different signs affects contrast adaptation.
Methods

Subjects
Subjects were students from the Ophthalmic Research Institute. The study design was presented to the Ethics Commission of the Medical Faculty of the University of Tuebingen and permission was obtained to perform the experiments (reference 431/ 2007BO2). In addition, informed consent was obtained from all subjects prior to the measurements. All subjects received a thorough subjective refraction of both eyes by a certified optometrist (A.O.), using a letter chart at 6 m distance and trial lenses. Corrected visual acuity was better than 0.8 in both eyes of all participating subjects.
In total, 29 subjects participated in the experiments. Fourteen were myopic with a average spherical equivalent of À3.4 ± 1.7D and an average age of 28.2 ± 5.3 years. The remaining 15 subjects were near emmetropic with an average spherical equivalent of À0.1 ± 0.3D and an average age of 32.1 ± 10.3 years. Five subjects were tested for changes in their contrast sensitivity thresholds, following exposure to defocus (experiment 1). The time course of supra-threshold contrast adaptation, following exposure to +4D of defocus, was tested in 25 subjects (experiment 2). Contrast adaptation in response to defocus imposed by À2D lenses or À4D lenses was studied in 11 and 10 subjects, respectively (experiment 3). No differences were found between myopic and emmetropic subjects in their contrast adaptation behavior in the individual experiments (data not shown). Therefore, the refractive distributions of the subgroups are not separately shown.
Experimental procedures 2.2.1. Stimulus generation
All stimuli were presented on a conventional computer monitor (EIZO FlexScan T 68, Model No. MA-1991). To determine the luminance response function of the computer monitor for different gray levels values of the pixels, a calibrated photocell was used. The screen brightness was increased in steps of five pixel gray level values, and the output of the photocell was recorded. The response function was fitted with a sixth-order polynomial. Before test stimuli were generated on the screen by custom-written software in Visual C++, pixel gray levels were transformed into luminance's using the polynomial. In addition, the luminance of the screen was verified with a Minolta Luminance Meter LS-100.
Measurement of threshold contrast sensitivity
A sine wave grating with a spatial frequency of 3.22 cyc/deg and a Michelson contrast of 0.01 was presented in a Gabor patch of 1 deg diameter on a gray background with a luminance of 33 cd/ m 2 . Stimuli were viewed binocularly from 1 m distance. Using the vertical arrow keys of the key board, the subjects increased or lowered the contrast of the grating until the subjective detection threshold was found. The threshold was approached three times, and the average threshold contrast was recorded. For confirmation, the measurements were repeated in the same subjects, using the Freiburger Visual Acuity and Contrast Test (FrACT; Bach, 1996) . However, in this case, the average screen luminance was 67 cd/m 2 .
Measurement of supra-threshold contrast sensitivity
To measure supra-threshold contrast sensitivity, an inter-ocular comparison paradigm was used (Hess & Bradley, 1980) . Two Gabor patches were presented on the computer screen on a gray background, one in the center of the left half of the screen and one in the center of the right (Fig. 1A ). The patches also had an angular subtense of 1 deg and were filled with a sine wave grating of 3.22 cyc/deg. The left Gabor patch was set to a Michelson contrast of 0.1, the right Gabor patch to a Michelson contrast of 0.01. A black cardboard divider was positioned in the sagittal head plane between both eyes to restrict the visual fields such that each eye saw only the ipsi-lateral Gabor patch. Using the vertical arrow keys of the keyboard, the subjects could increase or decrease the contrast of the sine wave grating on the right side until a subjective match of contrast was achieved for both eyes. Changes in suprathreshold contrast sensitivity are referred to as ''contrast adaptation". Measurements of supra-threshold contrast sensitivity were performed before and after adaptation to blur in each experiment. To track the time course of contrast adaptation, the interocular contrast matching procedure was repeated every minute over a time period of 6 min and at each time point, three measurements were rapidly performed and the resulting contrasts were averaged. The contrast adjusted for the right eye to match a contrast of 0.1 in the left eye is shown in Figs. 2 and 3. Subjects might have had different criteria to judge the similarity of contrast seen with each eye.
Inducing contrast adaptation by imposing defocus
Subjects watched a movie of their choice on the computer screen at 1 m distance for a period of 10 min (Fig. 1B) . They wore a trial spectacle frame with a trial lens in front of their right eye. The camera of a PowerRefractor (Choi et al., 2000) was positioned above the computer screen to track accommodation binocularly, or a video camera was positioned close to the right eye to track fixation (Schaeffel, 2002) . The PowerRefractor was not individually calibrated. The lens powers were: experiment 1 +4D, experiment 2 +4D and experiment 3 +4D, À2D or À4D. The room was darkened during the whole experiment, and the only light source was the computer screen.
Statistics
Statistical analyses were performed with the statistics software package JMP 4.0 (SAS Institute, Cary, USA). Since ANOVA required normal distributions of the data, the Shapiro-Wilk test was used for verification. To stabilize the variance of the not normally distributed averaged adjusted contrasts, Box-Cox transformations were used. Figs. 2 and 3, however, show original averaged contrasts that the subjects adjusted for their right eyes before and after adaptation. ANOVA was used for each imposed defocus in experiment 3 to compare the averaged matched contrast at each time point before and after adaptation to blur.
Results
Experiment 1 -effects of imposed defocus on the contrast detection threshold
Unexpectedly, exposure to defocus for 10 min did not elevate the detection thresholds for the spatial frequency of 3.22 cyc/deg, in any of the subjects. The threshold Michelson contrasts ranged between 0.055 and 0.014, equivalent to a contrast sensitivity of 18.04 and 70.86 (n = 5 subjects). In line with the results of our procedure, no changes in the contrast thresholds were detected following exposure to defocus by another testing procedure developed by Michael Bach (the ''FrACT"; Bach, 1996, http:// Fig. 1. (A) Screen output of the software to compare supra-threshold contrast sensitivity in both eyes. Due to the cardboard divider (shown in (B)), the subjects saw the left patch with the left eye and the right patch with the right. Using the vertical arrow keys of the key board, they could adjust the contrast of the sine wave grating in the right patch to match the perceived contrast in the left. (B) Set-up to induce contrast adaptation by imposing defined amounts of defocus in the right eye. The subject watched a movie on the computer screen for 10 min with the right eye defocused by a trial lens. Fixation was monitored with a custom-made video gaze tracker (the camera is visible in front of the right eye), or accommodation was monitored with the PowerRefractor (not shown).
www.michaelbach.de/fract/index.html). However, more than twice as high contrast sensitivities were measured with the FrACT (ranging between 108.86 and 253.08). This difference can be explained by the background luminance having been twice as high (see Section 2). Since the contrast sensitivity at threshold was not changed, only supra-threshold contrast sensitivities were analyzed in the subsequent experiments.
Experiment 2 -time course of contrast adaptation
Following 10 min of imposed defocus of +4D in the right eye, the subjects matched a sine wave grating with a contrast of 0.1 in the left eye with a contrast of about 0.07 in the right, indicating that the supra-threshold contrast sensitivity had increased by about 30%. This difference in supra-threshold contrast sensitivity persisted after the lenses were removed for at least 2 min ( Fig. 2A; ANOVA: difference in supra-threshold contrast sensitivity directly after removal of the lens (0 min) p < 0.0001, after 1 min, p = 0.047; after 2 min, p = 0.0287). As can be seen in Fig. 2A , the differences in supra-threshold contrast sensitivity had disappeared after 5 min. Fig. 2B shows how the differences between the contrasts that were adjusted for the right eyes to match the contrast of 0.1 seen by the left eyes change over time. The time course was fitted by an exponential function which yielded a time constant of 1/0.5076 min, or 1.97 min for a decay of contrast adaptation down to about 63%.
3.3. Experiment 3 -effect of optical defocus of different sign on suprathreshold contrast sensitivity Because the computer monitor displaying the movie and the Gabor patches was positioned at 1 m distance (equivalent to +1D), the same absolute amount of the defocus, but with different sign, was imposed when +4D or À2D trial lenses were used, respectively. However, no change in supra-threshold contrast sensitivity could be detected with the À2D lenses (Fig. 3A) . Furthermore, to exclude that the negative defocus might have been too low, À4D lenses were also tested. Again, no significant changes in contrast sensitivity were observed (Fig. 3B) .
It was also directly tested whether contrast sensitivity was different in eyes that had previously worn positive and negative lenses. There were highly significant differences between eyes (A) Decline in supra-threshold contrast sensitivity, following exposure to +4D of defocus. Directly after removal of the +4D trial lens (arrow), the right eye had about 30% higher contrast sensitivity, since a lower contrast was chosen to match the contrast of 0.1 presented to the left eye. The interocular contrast matching task was performed every minute. Note that the differences in contrast sensitivity between both eyes disappeared over a period of 5 min. Data points represent averages from 25 subjects. Error bars denote standard deviations. Significance levels are denoted by asterisks (*p < 0.05, ***p < 0.0005). (B) The average difference in contrast sensitivity between both eyes is shown for all 25 subjects declined over time. The time course was fitted by an exponential function which yielded a time constant of 1/0.5076 min, or 1.97 min for a decay down to 63%. In (B), error bars denote standard errors.
after wearing +4D and À2D lenses (directly after taking the lens off p < 0.0001, after 1 min, p < 0.0018; after 2 min, p < 0.0002; and still significant after 3 min (p = 0.041, ANOVA). Similar significance levels were found between eyes wearing +4D and À4D lenses.
However, there was no difference in the contrast sensitivity between eyes that had been wearing À4D or À2D lenses.
The apparent asymmetry in CA with positive and negative lenses could be explained if transient changes occurred in Fig. 3 . Time course of supra-threshold contrast sensitivity at 3.22 cyc/deg, following exposure to À2D (A) and À4D (B) of defocus for 10 min. In this experiment, negative lenses induced no changes in supra-threshold contrast sensitivity. Data points represent averages from 11 (A) and 10 (B) subjects; data points are averages and error bars denote standard deviations. accommodation when the subjects wore negative lenses. Therefore, accommodation was measured. The PowerRefractor was placed next the monitor displaying the movies. Both eyes were continuously refracted over the entire presentation period of 10 min. The average refractions for the 10 min observation period are shown for five subjects, and each defocus condition, in Table 1 . It can be seen that the standard deviations were variable among subjects and generally larger with negative than with positive lenses, or without lenses. The refractions in the left eyes, not wearing lenses, were less variable with standard deviations between 0.2 and 0.7D.
Discussion
This study had three results: (1) the threshold contrast sensitivity at 3.22 cyc/deg was not changed by previous viewing of a defocused movie, (2) supra-threshold contrast sensitivity was clearly increased after imposing positive defocus and this effect lasted for at least 2 min, and (3) different from positive lenses, negative lenses did not change supra-threshold contrast sensitivity.
(1) Lack of a change in contrast sensitivity at threshold
The first result is different from observations by Blakemore and Campbell (1969) who found an elevation in the contrast detection threshold following adaptation to a sine wave grating about 1.5 log units above threshold. However, it is clear that the contrast at 3.22 cyc/deg in the defocused movies was much lower than in the study by Campbell and Green (1965) . It can be calculated from the modulation transfer function that the cut-off spatial frequency is around 1.4 cyc/deg for 3D of defocus and a pupil size of 5 mm. Beyond 1.4 cyc/deg, the spatial frequency is imaged with periodic phase reversals when defocus increases further. In the range of spurious resolution, the contrast does not exceed about 8%.
Also Georgeson (1985) studied contrast sensitivity for sinusoidal gratings of 3 cyc/deg, before and after adaptation to gratings with the same spatial frequency, but presented at different contrasts. Adaptation was found only when test contrast was lower than the adapting contrast, but not when the test contrast was higher than the adapting contrasts. There were also two major differences between his and the current study. First, Georgeson had his two subjects perform a contrast matching task between two retinal locations (left and right of the fovea) in the same eye, and not between both eyes. Second, in our study, a movie was presented out of focus which affects a wide range of higher spatial frequencies. Mon-Williams et al. (1998) investigated the effects of positive defocus of +2D on contrast sensitivity. Strikingly, these authors found a decrease in contrast sensitivity rather than an increase. However, they tested at much higher spatial frequencies (5-25 cyc/deg). It is clear that all changes in contrast sensitivity occurred far out in the range of spurious resolution, which is surprising given that the contrasts in the retinal image at these spatial frequencies must have been quite low. The luminance's of their test screens were similar (40 cd/m 2 versus 33 cd/m 2 with the software used in the current study, and 67 cd/m 2 with the FrACT).
(2) Time course of contrast adaptation
The second result is interesting because the long-lasting change in supra-threshold contrast sensitivity following exposure to positive defocus could make contrast adaptation a useful retinal mechanism for emmetropization. The adaptational change in suprathreshold contrast sensitivity decayed with an exponential function with a time constant of about 2 min (Fig. 3B) , similar to what was found by Greenlee et al. (1991) .
As stated above, it has been shown that at least 2 min of exposure to defocus are necessary to induce changes in axial eye growth in chickens (Zhu et al., 2005) . These results emphasize that the history of visual experience is important for emmetropization. It is worthwhile to characterize the time course of contrast adaptation for different periods of defocus in more detail since such data might provide hints as to how often and how long reading should be interrupted to reduce the risk of myopia development (Zhu, Winawer, & Wallman, 2003) .
(3) Selectivity of contrast adaptation for the sign of defocus
The third result is not expected, assuming that contrast adaptation occurs to optimize the spatial frequency channel contrast sensitivity to the available contrast of this particular spatial frequency in the retinal image (Blakemore & Campbell, 1969; Webster, Georgeson, & Webster, 2002) . However, before it could be suspected that the retina or the cortex may be sensitive to the sign of defocus, a number of alternative explanations have to be considered.
(A) The symmetry between both types of defocus was broken by the fact that entrance pupils' sizes were different with both types of lenses. With a À2D lens, the average pupil sizes were 5.18 ± 0.23 mm, and 5.21 ± 0.27 mm in the fellow eyes. With a À4D lens, pupil sizes were 4.52 ± 0.22 mm and 4.89 ± 0.27 mm, respectively. Finally, with the +4D lens, they were 5.89 ± 0.24 mm and 5.83 ± 0.24 mm (all data are averages from five subjects). Accordingly, the contrast at 3.22 cyc/deg was different for À3D and +3D of defocus, due to the different pupil sizes: about 5% with the pupil size at À3D and about zero with the pupil size at +3D. It could be that contrast adaptation was induced in the case of +3D defocus because the contrast at 3.22 cyc/deg was so low in the defocused movie. However, it is remains open why there was no contrast adaptation with À5D of defocus (pupil size 4.5 mm), since the calculated contrast at 3.22 cyc/deg was close to zero as well. More experiments are necessary, with higher amounts of imposed defocus, and perhaps also additional experiments, in which the supra-threshold contrast sensitivity was determined by inter-ocular matching of contrast in full images, rather than only one spatial frequency.
These considerations are interesting because they show that pupil size might be a quite important factor in the detection of the sign of defocus. Bitzer and Schaeffel (2006) have shown that the retina can no longer detect the sign of defocus if chicken are anesthetized -but they could not explain why. Perhaps the reduced pupil responses under anesthesia are a reason.
(B) Radhakrishnan et al. (2004a Radhakrishnan et al. ( , 2004b found a steeper decline in contrast sensitivity and visual acuity with positive than with negative lenses, although this effect was confined to myopic subjects. They proposed that spherical aberration could shift the optimum focus in the negative direction, depending on the spatial frequencies available. To support their interpretations, they investigated the influence of externally added noise on the detection of the contrast threshold under cycloplegia (Radhakrishnan & Pardhan, 2006) . The results supported their assumption that optical factors might produce different contrast thresholds after positive and negative defocus in myopes and non-myopes. Slightly higher optical aberrations in myopic eyes were described, for instance, by He et al. (2002) . Not all studies found more aberrations in myopic subjects (e.g. Artal, Benito, & Tabernero, 2006; Liang, Grimm, Goelz, & Bille, 1994; Tabernero, Benito, Alcón, & Artal, 2007) . Finally, it should be kept in mind that optical aberrations are generally small (with an RMS wavefront error equivalent to about 0.3D), making it unlikely that they can explain the large differences in contrast adaptation with negative and positive defocus in the current study. Nevertheless, Guo et al. (2008) suggested that interactions between spherical aberration and defocus may explain the unequal reduction in contrast sensitivity with both signs of defocus.
(C) Transient accommodation in response to the negative defocus could also explain the asymmetry in contrast adaptation with both signs of defocus. The PowerRefractor measured more variable refractions in the eyes with negative lenses, than with positive lenses or no lenses. A possible explanation is that the pupil was magnified by the positive lenses, and more pixels contributed to the calculation of the brightness slope during the eccentric photorefraction. Conversely, the measurements with negative lenses were affected by small pupils. If accommodation is assumed to be coupled, the measurements in the eyes with no lenses may be the better description of the changes in accommodation.
Another complicating factor may be interocular differences in accommodation that have been suggested to occur during oblique convergence, lens induced anisometropia, or as a result of uncorrected anisometropia (Marran & Schor, 1998) . These authors suggest that small amounts of ''aniso-accommodation" can partially correct for anisometropia and lead to better stereo vision.
(D) Asymmetric defocus due to chromatic aberration has often been proposed as an explanation for the sign of defocus detection by the retina (Rucker & Kruger, 2004; Seidemann & Schaeffel, 2002) . It is a common clinical practice to refract people as though a wavelength near 570 nm is the optimal focus, and to assume that the accommodation system would try to keep the wavelengths near that one in focus. Under these conditions, the long-wavelength cones would be defocused by about À0.25D (image behind photoreceptors), whereas the short-wavelength cones would be defocused by about +1.34D (image in front of photoreceptors). Therefore, with the +4D lens (+3D defocus), the long-wavelength cones would be defocused by 2.75D and the short-wavelength cones by much more. However, with the À2D lens (À3D defocus) the short-wavelength cones would only be defocused by 1.66D. Therefore, this lesser blur might reduce the amount of contrast adaptation for À2D lenses. What makes this argument less important is the similarity with the À2 and À4D lenses (with the À4D lenses, the short-wavelength cones would be defocused by À3.7D, more than with the +4D lenses.) (E) It can be excluded that the selectivity for the sign of defocus emerges from differences in retinal image magnification. It increases by about 5% for a +4D lens with a corneal apex distance of 15 mm, and decreases by 5% with a À4D lens. However, it has also been shown in chickens that the sign of defocus distinction is not based on the evaluation of the differences in image magnification (Curry, Sivak, Callender, & Irving, 1999; Schmid, Strang, & Wildsoet, 1999) .
(4) Where does contrast adaptation occur?
Since experiments in animal models of myopia have shown that the visual control of eye growth is largely based on retinal image processing (Winawer & Wallman, 2002) , it has to be postulated that contrast adaptation, as a potential error signal for emmetropization, has to occur in the retina. There is at least good electrophysiological evidence that the human retina shows contrast adaptation. Heinrich and Bach (2002) found, by simultaneous recording of PERGs and PVEPs, that adaptational change in spatial processing can be detected by PERG. Furthermore, there is extensive evidence from electrophysiological recording from the turtle retina in vitro that bipolar cells show contrast adaptation (Greschner, Bongard, Rujan, & Ammermüller, 2002) . The retinal circuitry involved in contrast adaptation was investigated in more detail by Baccus and Meister (2002) in salamander. They found that all major retinal neuron types (bipolar, amacrine and ganglion cells) show two-phasic, fast and slow, contrast adaptation. Furthermore, it was found that the spatio-temporal receptive fields of retinal ganglion cells change after a few seconds in a new environment. The changes are adaptive, in that the new receptive field improves predictive coding under the new image statistics (Hosoya, Baccus, & Meister, 2005) . Solomon, Peirce, Dhruv, and Lennie (2004) investigated contrast adaptation in magnocellular (M) cells, parvocellular (P) cells and in neurons that received input from S-cones in the lateral geniculate nucleus (LGN) of the macaque. A reduction in contrast sensitivity after exposure to a moving gratings with high contrast was found in M cells, but was absent in P cells. Since retinal ganglion cells in primates appear to lack directional selectivity and have circular receptive fields, additional measurements with differently oriented stripes patterns could help to clarify the question as to whether the observed adaptation effects were retinal or cortical. Note also that the fact that contrast adaptation could be induced monocularly in our study excludes that it occurs at ''binocular sites" in the cortex (as proposed by Mon-Williams et al., 1998) . In summary, many of these experiments suggest that contrast adaptation at the retinal level could partially account for the effects described in the current study.
Conclusions
The apparent asymmetry in defocus induced contrast adaptation is an intriguing phenomenon but a number of issues need to be explored before this can be declared with certainty to be of biological origin rather than an epiphenomenon of physiological optics. Ultimately the issues of pupil size, accommodation and chromatic effects will require experiments with cycloplegia, control of pupil size controlled contact lenses or a Maxwellian viewing system and use of monochromatic or chromatic aberration neutralization.
